We hypothesized that key signaling pathways of glioma genesis might enable the molecular classification of gliomas. Gene coexpression modules around epidermal growth factor receptor (EGFR) (EM, 29 genes) or platelet derived growth factor receptor A (PDGFRA) (PM, 40 genes) in gliomas were identified. Based on EM and PM expression signatures, nonnegative matrix factorization reproducibly clustered 1,369 adult diffuse gliomas WHO grades II-IV from four independent databases generated in three continents, into the subtypes (EM, PM and EM low PM low gliomas) in a morphology-independent manner. Besides their distinct patterns of genomic alterations, EM gliomas were associated with higher age at diagnosis, poorer prognosis, and stronger expression of neural stem cell and astrogenesis genes. Both PM and EM low PM low gliomas were associated with younger age at diagnosis and better prognosis. PM gliomas were enriched in the expression of oligodendrogenesis genes, whereas EM low PM low gliomas were enriched in the signatures of mature neurons and oligodendrocytes. The EM/PM-based molecular classification scheme is applicable to adult low-grade and high-grade diffuse gliomas, and outperforms existing classification schemes in assigning diffuse gliomas to subtypes with distinct transcriptomic and genomic profiles. The majority of the EM/PM classifiers, including regulators of glial fate decisions, have not been extensively studied in glioma biology. Subsets of these classifiers were coexpressed in mouse glial precursor cells, and frequently amplified or lost in an EM/PM glioma subtypespecific manner, resulting in somatic copy number alteration-dependent gene expression that contributes to EM/PM signatures in glioma samples. EM/PM-based molecular classification provides a molecular diagnostic framework to expedite the search for new glioma therapeutic targets.
We hypothesized that key signaling pathways of glioma genesis might enable the molecular classification of gliomas. Gene coexpression modules around epidermal growth factor receptor (EGFR) (EM, 29 genes) or platelet derived growth factor receptor A (PDGFRA) (PM, 40 genes) in gliomas were identified. Based on EM and PM expression signatures, nonnegative matrix factorization reproducibly clustered 1,369 adult diffuse gliomas WHO grades II-IV from four independent databases generated in three continents, into the subtypes (EM, PM and EM low PM low gliomas) in a morphology-independent manner. Besides their distinct patterns of genomic alterations, EM gliomas were associated with higher age at diagnosis, poorer prognosis, and stronger expression of neural stem cell and astrogenesis genes. Both PM and EM low PM low gliomas were associated with younger age at diagnosis and better prognosis. PM gliomas were enriched in the expression of oligodendrogenesis genes, whereas EM low PM low gliomas were enriched in the signatures of mature neurons and oligodendrocytes. The EM/PM-based molecular classification scheme is applicable to adult low-grade and high-grade diffuse gliomas, and outperforms existing classification schemes in assigning diffuse gliomas to subtypes with distinct transcriptomic and genomic profiles. The majority of the EM/PM classifiers, including regulators of glial fate decisions, have not been extensively studied in glioma biology. Subsets of these classifiers were coexpressed in mouse glial precursor cells, and frequently amplified or lost in an EM/PM glioma subtypespecific manner, resulting in somatic copy number alteration-dependent gene expression that contributes to EM/PM signatures in glioma samples. EM/PM-based molecular classification provides a molecular diagnostic framework to expedite the search for new glioma therapeutic targets. G liomas, the most common primary tumors in the adult CNS, are currently diagnosed as astrocytomas or oligodendrogliomas based on their morphological resemblance to astrocytes or oligodendrocytes (1) . The severity of gliomas is further distinguished by malignant grades (I to IV) according to features of cellular atypia, cell proliferation, angiogenesis, and necrosis. However, this classification scheme is highly subjective and inconsistent in its designation of glioma subtypes and grades (2) . Many gliomas cannot be clearly diagnosed due to their nontypical morphology. The prognosis of glioma patients is poor; most of the grade IV glioma (also called glioblastoma multiforme, GBM) patients die within 1-2 y of diagnosis (1) . It is as yet unknown why certain low-grade gliomas progress rapidly to higher grades whereas others progress slowly. Inaccurate diagnoses cause clinical confusion, create artificial heterogeneity and complexities in glioma investigations, and hinder the development of targeted therapies.
Molecular classification has the potential to overcome the limitations of morphological diagnoses. Based on prognosisrelated gene expression signatures (3-5), or stable unbiased gene expression clusters among glioma samples (6) , previous studies classified high-grade gliomas into proneural (PN), proliferative (Prolif), and mesenchymal (Mes) (4), or PN, neural (NL), classical (CL), and Mes molecular subgroups (6) . PN gliomas are distinguished by their frequent occurrence in adults younger than 40 y and with longer survival (3), enriched expression of the platelet derived growth factor receptor A (PDGFRA) and frequent mutation in the isocitrate dehydrogenase 1 (IDH1); CL gliomas, on the other hand, are associated with frequent amplification of the epidermal growth factor receptor (EGFR) and deletions in or loss of chromosome 10. NL and Mes gliomas are enriched in neuronal and mesenchymal markers, respectively (6) . Other studies identified characteristic gene expression signatures among high-grade gliomas (7-10) or all major glioma subtypes (11, 12) , and found correlations between expression signatures and the prognoses of patients and the cellular and genomic abnormalities of gliomas. A DNA methylome-based approach has identified a glioma-CpG island methylator phenotype
Significance
Classification of cancer provides crucial guidance for clinical treatment and mechanistic studies. Our work extends previous glioma classification studies in that we established EGFR module (EM)/PDGFRA module (PM) glioma classification scheme based on gene coexpression modules around key signaling pathways conserved in neural development and gliomagenesis. We identified coexpressed EM and PM genes as classifiers. Based on the EM and PM signatures, our classification scheme robustly assigns adult low-grade and high-grade diffuse gliomas into three major subtypes that are distinct in patient survival, and in transcriptomic and genomic patterns. Our work suggests that EM and PM genes may play currently unrecognized roles in gliomagenesis. EM/PM glioma classification scheme forms a framework toward establishing molecular diagnostic tools and identifying new therapeutic targets to combat gliomas. (G-CIMP) in 30% of the PN GBMs and in a large proportion of low-grade gliomas (13, 14) . These studies have made important steps forward in establishing an objective molecular classification for gliomas. However, questions of the relatedness of classifiers to glioma pathogenesis, the applicability of the classification scheme to both low-and high-grade gliomas, the correlation to glial development and the genomic distinction of glioma molecular subtypes encourage further investigation.
Here, we extend previous studies (4, 6, 11, 12) by taking a conceptually different approach, exploring whether gene coexpression modules around key signaling pathways conserved between neural development and glioma genesis might enable molecular classification of gliomas. EGFR and PDGFRA are two receptor tyrosine kinases (RTKs) that govern cell fate specification, cell proliferation, migration in the neural stem cell (NSC) compartment and glial development (15, 16) . These two RTKs are frequently amplified, mutated, and overexpressed in gliomas (6) , and their enforced signaling is essential in the generation of mouse glioma models (17) . We describe the identification and characterization of genes consistently coexpressed with EGFR (EGFR module, EM) or with PDGFRA (PDGFRA module, PM) in gliomas, and their application in classifying adult diffuse gliomas into three major subtypes that are distinct in prognosis, genetic abnormalities and correlation to the cell lineages and differentiation stages of glial genesis.
Results
Identification of EM/PM Classifiers. Using Pearson correlation coefficient analysis, we defined the EM and the PM by identifying the top 37 and 44 known genes with similar expression patterns to EGFR and PDGFRA, respectively, in the glioma transcriptome data set GSE4290 (18) (SI Appendix, Table S1 ). This data set includes 157 adult diffuse gliomas, with WHO grades II-IV, and 23 epileptic control samples. We found that the gene sets so defined were not overlapping. Furthermore, except for a small subset in EM (EGFR, SEC61G, VAV3, CDKN2C, TNFRSF19, NES, PDGFA, and SOX9) and PM (PDGFRA, OLIG1, OLIG2, SOX8, SOX6, and ZEB1), the majority of these EM and PM genes have not been extensively studied in glioma biology (SI Appendix, Table  S2 ). Twenty-nine of the EM and 40 of the PM genes were found to be differentially expressed between the glioma samples and enabled clustering of glioma samples in unsupervised hierarchical clustering analysis (SI Appendix, Fig. S1 ). These 69 genes were used as classifiers throughout this study.
Clinical Relevance of EM/PM Classification. Using nonnegative matrix factorization (NMF), an unsupervised learning algorithm for identification of molecular patterns in gene expression data (19), we reproduced glioma clusters based on EM and PM signatures in three microarray-based data sets [Tiantan, the REMBRANDT (20) and GSE16011 (11)], and further validated the glioma clusters in a newly assembled, mRNA sequencing-based data set from TCGA. These data sets included 1,369 adult diffuse gliomas including diffuse astrocytomas WHO grade II, anaplastic astrocytomas WHO grade III, GBMs, oligodendrogliomas WHO grade II, anaplastic oligodendrogliomas WHO grade III, oligoastrocytomas WHO grade II, anaplastic oligoastrocytomas WHO grade III, and morphologically not clearly defined adult gliomas from patients in China, the Netherlands, and the US ( Fig. 1 and SI Appendix, Fig. S2 and Tables S1 and S3), they were heterogeneous regarding the composition of patients and control, the platforms used to assess the gene expression data, and likely also in the details of sample processing and patient treatment. We reasoned that a fixed cluster number could not be applied to all data sets. The number of clusters was therefore independently determined in each data set based on large k numbers with stable cophenetic coefficients. Based on the extent of EM and PM expression, these analyses clustered gliomas into three major subtypes: EM (high EM but low PM expression), PM (high PM but low EM expression), and EM low PM low . EM gliomas were further subclustered into EM ++ and EM +++ subtypes and PM gliomas into PM ++ and PM +++ subtypes ( Fig. 1 and SI Appendix, Figs. S1-S3). At the complete transcriptome level, gliomas within each of the EM/PM subtypes showed a high degree of subtype-specific similarity, the vast majority of the gliomas were clustered into one of the subtypes EM, PM, or EM low PM low (SI Appendix , Fig. S4A ); the EM low PM low gliomas were distinct from the control brain samples that also showed an EM low PM low phenotype (SI Appendix, Fig. S4 B and C). The genes differentially enriched in each subtype are summarized in SI Appendix, Table S4 . Nearly all adult diffuse glioma subgroups were present in each of the EM/PM subtypes. EM gliomas were more frequent in GBM; whereas PM gliomas were more frequent in grade II and III astrocytomas, oligodendrogliomas, and secondary GBMs (P < 0.0001, Pearson χ 2 test, SI Appendix, Table S3 ). Notably, all of the morphologically undefined gliomas (SI Appendix, Table  S3 , "unknown" cases in the REMBRANDT data set) were clearly designated into EM/PM subtypes.
The median age at diagnosis for PM glioma patients in the GSE16011 and Tiantan data sets was 41.9 ± 12.3 y (n = 219), contrasting with that of EM glioma patients from the same data sets (53.3 ± 14.4 y, n = 188; P = 8.4 × 10 −9
, unpaired two-tailed t test). Patients with PM gliomas survived significantly longer than those with EM gliomas (log-rank test; Fig. 1 and SI Appendix, Fig. S2 and Table S3 ). The age at diagnosis and survival outcomes for EM low PM low gliomas were comparable to those of PM gliomas. EM/PM classification outperformed the morphological diagnosis in stratifying patients' prognosis (SI Appendix, Fig. S5 ). The survival differences between patients with gliomas of PM or EM low PM low patterns and those with gliomas of EM patterns were shorter in high-grade than in low-grade gliomas. This effect could be either treatment-related or progression stage-related and probably also reflects the current lack of specific therapies for each glioma subtype. In multivariate Cox regression analysis, the prognostic value of EM/PM signatures was assessed after adjusting for the known prognostic factors, including IDH1 mutation, 1p19q codeletion, age, and Karnofsky performance score (KPS). Across all of these data sets, a more significant trend of EM score (the average of normalized expression levels for all EM classifier genes in each glioma sample) as a marker of poor prognosis was observed; the similarly calculated PM score was associated with a trend as a marker of favorable prognosis (SI Appendix, Table S5 ).
The classification schemes of Verhaak et al. (6) and Phillips et al. (4) were based on high-grade gliomas. The classification scheme of Verhaak et al. (6) did not predict overall patient survival in high-grade gliomas (14, 21) . Using NMF clustering, we found that, in the Tiantan, GSE16011, and REMBRANDT data sets, patients with PN and NL gliomas defined by the classifiers of Verhaak et al. (6) were associated with better survival than patients with Mes and CL gliomas. PN gliomas predominantly contained PM gliomas and CL predominantly contained EM +++ gliomas (SI Appendix, Fig. S6 ). Notably, previous reports (22, 23) and our EM/PM clustering demonstrated that gliomas with EGFR amplification and PTEN deletion (present in >90% of EM +++ gliomas, SI Appendix, Table S3 ) or with codeletion of 1p36/19q13 (in ∼40% of PM +++ gliomas) represent two mutually exclusive glioma subtypes regarding survival profile, transcriptomic and genomic abnormalities, and association to neural lineages. These two types of gliomas were found in both NL and Mes subtypes in our analysis (SI Appendix, Table S6 ). Our NMF clustering of the Tiantan, GSE16011 and REMBRANDT data sets using the classifiers of Phillips et al. (4) showed that Mes and Prolif signatures overlapped with each other, or with PN signatures in glioma samples. The resulting glioma clusters were inconsistent in their patient survival profiles (SI Appendix, Fig. S7) . Comparison with the G-CIMP classification scheme (14) showed that signatures of G-CIMP+ and G-CIMP− gliomas (24) were enriched in PM and EM gliomas, respectively; subsets of the G-CIMP+ and G-CIMP− signatures were concomitantly enriched in EM low PM low gliomas and control samples (SI Appendix, Fig. S8 ).
Relevance of EM/PM Classifiers to Glioma Pathogenesis. The EM/PM classifiers span diverse functional classes, including glial fate decision, Notch, TGF-β, and Jak-STAT signaling, cytoskeleton remodeling, protein transport, metabolism of lipid or the extracellular matrix, tumor suppression, chromatin modification, and regulation of transcription and pre-mRNA splicing (SI Appendix, Table S2 ). The activities of EM/PM classifiers may represent two coexpressed gene networks that provide multiple dependencies to glioma. In the mouse CNS developmental data set GSE9566 (25) , subsets of EM and PM genes were found coexpressed in developing mouse astrocytes ( Fig. 2A) and oligodendrocyte progenitor cells (OPCs) (Fig. 2B) , respectively. In the glioma genome, analyses of the SNP data in both TCGA mRNA-seq and REMBRANDT data set concordantly show that other subsets of EM/PM classifiers, mostly not coexpressed in developing astrocytes or OPCs, were associated with frequent somatic copy number alterations (SCNA) in EM/PM glioma subtype-specific manner (SI Appendix, Tables S7 and S8 and Fig.  S9 ). In agreement with previous reports on the low frequencies of mosaic coamplification of EGFR and PDGFRA in gliomas (26, 27) , coamplification of EGFR and PDGFRA was observed in 10 of 123 EM +++ gliomas and 2 of 36 PM ++ (Chr7 Amp) gliomas of the TCGA mRNA-seq data set, but not in the other EM/PM subgroups (SI Appendix, Fig. S2 ). We focused our analyses on the consequence of subtype-specific SCNAs on the expression of EM/PM classifiers.
Based on the SNP6.0 and the mRNA expression data in the TCGA mRNA-seq cohort, we first studied gene dosagedependent expression of EM/PM classifiers. In EM gliomas, gene dosage-dependent expression was found for EM classifiers including EGFR, SEC61G, ITGB8, LFNG, PDGFA, DENND2A, CDKN2C, ZNF558, PRPF31, SNX5, NCOA3, and TRIOBP as well as PM classifiers including ETV1, NOVA1, PATZ1, CSNK1E, and POLR2F ( Fig. 2C and SI Appendix, Fig. S10 and Table S7 ). In PM gliomas, gene dosage-dependent expression was observed for EM classifiers including NFIA and PRPF31 (located at Chr 1p or 19q and codeleted in 51 of 133 PM gliomas) and PM classifiers including ZEB1, EIF4EBP2, TACC2, MYT1, and NOVA1 ( Fig. 2C and SI Appendix, Fig. S10 and Table S7 ). In EM gliomas, statistically significant cooccurrence of SCNAs among EM classifiers at Chr 7 (EGFR, SEC61G, ITGB8, LFNG, PDGFA, DENND2A) or at Chr 19 and Chr 20 (ZNF558, PRPF31, SNX5, NCOA3), and PM classifiers at Chr14q or Chr22q (NOVA1, PATZ1, CSNK1E, POLR2F) was observed (SI Appendix, Table S9 ). In PM gliomas, cooccurrence of SCNAs between EM classifiers NFIA and PRPF31, and among PM classifiers ZEB1, EIF4EBP2, TACC2, and MYT1 (at Chr 10 or 20q), was observed (SI Appendix, Table S9 ). The overall survival data were analyzed using log-rank tests. The same color codes were used in the heat maps and the Kaplan-Meier plots. In all data sets, EM low PM low and PM gliomas were associated with better survival outcome than EM gliomas.
We next analyzed the contribution of the gene dosage-dependent expression of EM/PM classifiers to EM/PM signatures. Regression analyses show that in EM gliomas, the variable expression of frequently amplified EM classifier ZNF558 or PRPF31 strongly contributed to the variation of EM signature, whereas the expression of EGFR and SEC61G contributed to the EM signature predominantly due to its high expression level; the expression of the frequently lost PM classifiers PATZ1 and CSNK1E also strongly contributed to the variation of PM signature in EM gliomas. In PM gliomas, the expression of the frequently lost EM classifiers PRPF31 and NFIA strongly modulated the EM signature ( Fig.  2D and SI Appendix, Table S7 ). The capacities of these classifiers in modulating the EM or PM signatures were validated in the REMBRANDT and GSE16011 data sets (SI Appendix, Table  S10 ). These findings together suggest that common subtypespecific SCNAs lead to gene dosage-dependent altered expression of subsets of EM/PM classifiers resulting in modulation of the EM/PM signatures. These classifiers may play currently unrecognized roles in glioma pathogenesis.
Distinct Genomic Alterations in EM/PM Glioma Subtypes. Previous studies demonstrated frequent IDH1 mutation in the subset of the high-grade gliomas with better prognosis (28) , and losses of heterozygosity (LOH) at Chr 1p/19q as a genomic hallmark in oligodendrogliomas (22) ; whereas other genomic alterations were not unambiguously specific to glioma subtypes (29) . We found that IDH1 mutation was enriched in both PM and EM low PM low gliomas, LOH at 1p/19q in PM gliomas, whereas EGFR amplifications were enriched in EM gliomas (P < 0.0001, two-sided Fisher's exact test, Tiantan and GSE16011 data sets; SI Appendix, Table S3 ). To assess SCNAs in EM/PM glioma subtypes, we used GISTIC2.0 (30) to analyze the SNP data from 349 gliomas in the TCGA mRNA-seq cohort and 205 gliomas in the REMBRANDT data set (20) . EM and PM gliomas were associated with distinct chromosomal alterations (Fig. 3) . Concomitant loss of Chr 1p/19q was found in ∼40% of the PM gliomas. Gain of Chr 7, loss of Chr 10, and Chr 22q were enriched in EM gliomas. According to the residual q value of the regional alterations, we identified the top 20 most significant amplification or deletion peaks in EM and PM gliomas. About 50% of these regional alterations were EM/PM glioma subtype-specific (SI Appendix, Figs. S11 and S12 and Tables S11 and S12). Furthermore, tumor specific SCNAs were also observed in the majority of EM low PM low gliomas, 18 of 25 EM low PM low gliomas in the REMBRANDAT data set showed tumor-specific SCNAs (SI Appendix, Fig. S12A ), reinforcing that the transcriptomic signature of the EM low PM low gliomas indeed is derived from the tumor cells. Gene level SNP data of the TCGA mRNA-seq data set showed that focal amplification of EGFR and PDGFRA was more frequently observed in the EM +++ and PM ++ (Chr7 Amp) gliomas than in other EM/PM glioma subtypes (SI Appendix, Fig.  S2 and Table S7 ). These results together suggest that EM/PM glioma subtypes are associated with distinct patterns of genomic alterations.
Differential Enrichment of Glial Genesis Activity in EM/PM Glioma
Subtypes. Gliomas have been suggested to arise from various cell types including NSCs (17), OPCs (31) , and mature astrocytes (32) . We found that the signature of NSCs, represented by the genes characteristic of the adult human neurogenic subventricular zone astrocytes (module M13C in Oldham et al.; ref. 33) , was highly enriched in EM gliomas compared with PM and EM low PM low gliomas (Fig. 4 and SI Appendix, Fig. S13 ). Markers of NSC compartment (NES, EGFR) and key transcription factors regulating astrogenesis (POU3F2, NFIA, and SOX9; ref. 34) were significantly enriched in EM gliomas ( Fig. 1 and SI Appendix, Figs. S1 and S2). Genes regulating oligodendrogenesis (PDGFRA, OLIG1, OLIG2, MYT1, SOX8, and SOX4; ref. 15) were highly enriched in PM gliomas ( Fig. 1 and SI Appendix, Figs. S1 and S2). To further correlate EM/PM glioma subtypes with the immature or mature CNS cell types, we generated classifiers for developing astrocytes and oligodendrocytes using GSE9566 data set (25) . Gene set enrichment analysis (GSEA) (35) identified significant enrichment of developing oligodendrocyte and astrocyte signatures in PM and EM glioma subtypes, respectively (Fig. 4 and SI Appendix, Figs. S13 and S14 and Table  S13 ). We also generated classifiers for mature neurons, oligodendrocytes and astrocytes using GSE9566 (SI Appendix, Fig.  S14 ). Compared with EM and PM gliomas, EM low PM low gliomas were enriched in the signatures of mature neurons and oligodendrocytes (Fig. 4 and SI Appendix, Fig. S13 ). The signature of mature astrocytes was dispersed over all EM/PM glioma subtypes.
Discussion
Using 69 genes that are coexpressed with EGFR or PDGFRA, we show that adult diffuse gliomas WHO grades II-IV from disparate institutions and ethnic backgrounds can be classified into EM, PM, and EM low PM low subtypes. This classification scheme is not guided by the morphological diagnosis of glioma or the survival outcome of the patients. EM gliomas are associated with enriched signatures of NSC compartment and astrogenesis, and they occur predominantly in patients older than 50 y and with an overall survival period of less than 2 y Conversely, PM gliomas are associated with enriched expression of genes regulating oligodendrogenesis and occur predominantly in patients younger than 50 y and with significantly longer survival time. EM low PM low gliomas are enriched in mature neuron and oligodendrocyte signatures with ages at diagnosis and survival outcomes similar to the PM gliomas. The three glioma subtypes show unique patterns of genomic alterations, including subtypespecific SCNAs in key regulators of glial fate decision. Our findings suggest that EM, PM, and EM low PM low glioma subtypes might represent biologically separate entities with distinct cellular origins, genetic alterations, and prognoses.
Our EM/PM classification scheme differs from previous glioma classification schemes in the following crucial aspects. Previous glioma molecular classification schemes depend on unbiased analyses of transcriptome (6) or DNA methylome (14) . In contrast, EM/PM classification is based on the fundamental role of EGFR and PDGFRA in neural development and glioma pathogenesis (16, 17) and the gene coexpression modules around EGFR and PDGFRA. Whereas a previous classification scheme focused on classifiable core samples of GBMs and was unable to predict the survival of glioma patients (6, 14, 21) , the EM/PM classification scheme is applicable to all diffuse gliomas WHO grades II-IV in adult, and robustly assigns gliomas into subtypes with distinct survival probabilities for patients. EM/PM classifiers are coexpressed in mouse immature glial cells and frequently amplified or lost in glioma genomes in EM/PM glioma subtypespecific manner. The expression of EM/PM classifiers with frequent SCNAs strongly contributes to the signature of the entire gene module around EGFR or PDGFRA. This analysis suggests that such EM/PM classifiers include currently unrecognized or poorly studied factors contributing to glioma pathogenesis. The capacity of EM/PM classification scheme in assigning gliomas into subtypes with distinct genomic abnormalities and specific correlation to the known cell lineage and differentiation stages in neural development can provide important support to therapy development. Most of the genomic alterations in gliomas were previously found to be enriched in, but not specifically associated with, glioma subtypes. This inability to identify gliomas with distinct genomic abnormalities may have contributed to the failure of small molecule kinase inhibitors in the treatment of GBM patients, because it was not possible to identify gliomas that could respond to kinase inhibitors. Our analysis of SCNAs indicates that EM/PM glioma subtypes are associated with distinct genomic abnormalities, which may result in aberrant signaling activities in subtype-specific manner, or alternatively drive glioma transcriptome signatures toward a differentiation state which may be different from that of the cells in which the glioma originated. We envisage that signaling pathways specific for CNS cell lineages and differentiation stages are differentially involved in, and may account for, the etiology of EM/PM glioma subtypes. EM, PM, and EM low PM low gliomas may require different therapeutic strategies. Furthermore, we envisage that instead of individual signaling molecules or pathways, glioma therapy should ideally be designed to concomitantly target multiple pathways embedded in EM/PM coexpression modules.
In summary, the EM/PM classification scheme described here is applicable to diffuse gliomas WHO grades II-IV in adult and can predict the prognosis of glioma patients. This classification scheme creates a framework toward establishing molecular diagnostic tools and identifying new therapeutic targets to combat gliomas.
Materials and Methods
The Tiantan data set was generated by the Chinese Glioma Genome Atlas with materials from patients treated between 2006 and 2009 at Beijing Tiantan Hospital. Other data sets used in this study were retrieved from the TCGA, the Repository for Molecular Brain Neoplasia Data, and the Gene Expression Omnibus. Details regarding identification of EM/PM classifiers, clustering of gliomas, survival analysis, single nucleotide polymorphism analysis and lineage analysis are provided in SI Appendix.
